Transcription factors (TFs) bind to DNA and regulate the transcription of nearby genes. However, only a small fraction of TF binding sites have such regulatory effects. Here we search for the predictors of functional binding sites by carrying out a systematic computational screening of a variety of contextual factors (histone modifications, nuclear laminbindings, and cofactor bindings). We used regression analysis to test if contextual factors are associated with upregulation or downregulation of neighboring genes following the induction or knockdown of the 9 TFs in mouse embryonic stem (ES) cells. Functional TF binding sites appeared to be either active (i.e., bound by P300, CHD7, mediator, cohesin, and SWI/ SNF) or repressed (i.e., with H3K27me3 histone marks and bound by Polycomb factors). Active binding sites mediated the downregulation of nearby genes upon knocking down the activating TFs or inducing repressors. Repressed TF binding sites mediated the upregulation of nearby genes (e.g., poised developmental regulators) upon inducing TFs. In addition, repressed binding sites mediated repressive effects of TFs, identified by the downregulation of target genes after the induction of TFs or by the upregulation of target genes after the knockdown of TFs. The contextual factors associated with functions of DNA-bound TFs were used to improve the identification of candidate target genes regulated by TFs.
INTRODUCTION
T ranscription factors (TFs) bind to DNA and regulate the expression of nearby genes (i.e., target genes of TFs). Locations of TF binding sites are identified at the genome scale using chromatin immunoprecipitation (ChIP) followed by sequencing (ChIP-seq) or hybridization to microarrays (ChIP-chip) (Buck and Lieb, 2004; Chen et al., 2008; Marson et al., 2008) . However, the majority of binding sites are not involved in the regulation of expression of targets (Sharov et al., 2008; Yu et al., 2011) . A novel method STARR-seq (Arnold et al., 2013) helped to identify functional enhancers in Drosophila. However, enhancers were tested outside of their genomic contexts, and this method has not been used for mammals. Thus, it is important to identify additional factors (e.g., histone modifications and binding of cofactors) that control the functionality of DNA-bound TFs. For example, mammalian enhancers are characterized by H3K4me1 chromatin marks (Barski et al., 2007; Heintzman et al., 2007; Creyghton et al., 2010; Rye et al., 2011) . In addition, enhancers that are active in a specific cell type are bound by P300 and CHD7 (Visel et al., 2009; Schnetz et al., 2010) and mediator and cohesin complexes (Kagey et al., 2010) , and enriched in histone acetylation (Creyghton et al., 2010) . Enhancers near silent genes often have H3K27me3 histone marks and were called ''poised enhancers,'' because they are associated with target genes that are ready for activation (Rada-Iglesias et al., 2011; Zentner et al., 2011; Xiao et al., 2012) .
Current analyses of the function of regulatory DNA regions are usually based on the comparison of chromatin modifications, cofactor bindings, and ''static'' gene expression profiles in various cell types (Creyghton et al., 2010; Kagey et al., 2010; Rada-Iglesias et al., 2011) . Obviously, cell types differ in the expression of hundreds of TFs, and therefore the differences in the expression of downstream genes cannot be attributed to a specific TF. To analyze the role of histone modifications and cofactors in modulating the effect of TF binding to DNA on gene expression, it is necessary to quantify the effect of a large number of potential factors with multivariate statistics, which may help to discriminate causal relationships from mere correlations. So far, only one study applied multivariate statistics to discriminate between enhancers bound by Oct4, Sox2, and Nanog (OSN) in embryonic stem (ES) cells from promoter-like DNA segments bound by Myc and Mycn (Chen et al., 2012) . This study showed the importance of p300, H3K4me1, Med12, and Nipbl as an epigenetic context for OSN functions. The limitation of the study is that it did not discriminate between the activating and repressing roles of TFs, and it was applied to only one kind of active enhancers.
Here we have used published data sets on gene expression changes after induction or knockdown of TFs in mouse ES cells (Nishiyama et al., 2009; Correa-Cerro et al., 2011; Nishiyama et al., 2013) and systematically analyzed the associations between the functionality of binding sites of nine TFs with high, low, and intermediate expression and their chromatin and cofactor profiles. Unlike the ''static'' gene expression profiles used in the previous studies, ''dynamic'' changes of gene expression profiles capture short-term responses of target genes to a specific TF, and thus they are more relevant for studying the effect of chromatin modifications and cofactors at TF binding sites. This method allowed us to discriminate between activating and repressing effects of TFs.
METHODS
Genome coordinates of TF binding sites are taken from the original articles (Supplementary Table S1 ; Supplementary Material is available online at www.liebertpub.com/cmb) and converted to the mm9 version of mouse genome using the UCSC LiftOver tool. Binding sites of TFs are associated with the nearest transcription start site (TSS) of a gene with symbol (excluding RIKEN clones, hypothetical genes, and gene models) within 100 kb maximum distance. If no gene with a symbol is found, then binding site is associated with the nearest other gene within 100 kb. The location of the main TSS for 17,412 nonredundant genes is taken from Mikkelsen et al. (2007) and for 5,101 other genes is identified using CisView (Sharov et al., 2006) . Wholegenome data on contextual factors are taken from ChIP-seq data (Supplementary Table S1 ). The abundance of ChIP-seq reads of contextual factors is estimated within a 1 kb region centered at each TF binding site and normalized to the average density in the genome. Data from multiple data sources for H3K9me3 and H3K27me3 are then averaged. Binding of DNA to Lamin B1 is assessed by the median log ratio of DAM-ID signals for all probes in the tiling arrays within a 1 kb region centered at each TF binding site (Kim et al., 2011) .
To identify contextual factors associated with functional TF binding sites, the change of gene expression of each target gene after manipulation of a certain TF is regressed against the abundance of each factor at TF binding sites. Response of genes to the induction of TFs is measured as a log ratio of gene expression in cells cultured in the absence of doxycycline (dox-condition: a transgenic TF is induced) versus cells cultured in the presence of doxycycline (dox+ condition: a transgenic TF is silent) (Nishiyama et al., 2009; Correa-Cerro et al., 2011) . Response of genes to the knockdown of TFs is measured as a log ratio of gene expression in cells transfected with shRNA against specific TF versus median expression (Nishiyama et al., 2013) . Based on preliminary analysis with different transformations (log, square root, and none), the following transformations of variables are selected: log[abs(x i )], where x i is the log ratio of expression change of target gene i, and log(q i + 0.5), where q i is the enrichment ratio of a contextual factor at TF binding sites near gene i compared with the genome-wide abundance of this factor. Transformation of 570 SHAROV ET AL.
variables helps to stabilize the error variance. In the case of multiple binding sites per target gene, we use three alternative methods of calculating the abundance of each contextual factor: (1) average abundance of factor in all TF binding sites associated with target gene; (2) abundance in the TF binding site closest to the TSS of target gene; and (3) highest abundance of this factor among TF binding sites associated with target gene. Also, we use four additional methods of analysis: (4) rank-correlation applied to the average abundance of factor in all TF binding sites associated with target gene (i.e., it is similar to method 1 but use rank correlation); (5-7) multivariate regression is similar to methods 1-3 but the distance from binding sites of TFs to TSS of targets is used as the second independent variable. Distance from TF binding sites to TSS, d, is transformed: exp( -cd), where coefficient c = 0.0001 (it is selected based on preliminary tests). The analysis is done separately for upregulated and downregulated target genes (change >1.2-fold), because positive and negative effects on gene expression may be associated with different molecular mechanisms.
The strength of such relationships is assessed with z-value: z = b/SE(b), where b is regression coefficient and SE(b) is its standard error. z-Values obtained by seven different methods of analyses matched closely (Supplementary Tables S2 and S3 ). Statistical significance is determined using random permutations of gene expression responses within each subset of analyzed target genes. To account for possible effects of multiple hypotheses testing, we use the false discovery rate criterion (FDR < 0.05) to call effects significant. FDR is estimated directly from the results of permutation analysis. In Figure 2 , we use average z-values obtained with seven methods of analysis and mark the effect as significant if FDR is <0.05 for all methods. The expected proportion of false positives (EPFP) for a target gene with rank i in the list of all genes ordered by increasing (or decreasing) log ratio of expression response to the manipulation of a TF is estimated using the following equation:
where Q is the proportion of targets (i.e., genes with TF binding sites) within the ''control'' set of genes that have limited change of expression (here, <1.2-fold change), and P j is the proportion of targets among genes with rank £j. The minimum operator in Equation 1 ensures the monotonic property of the EPFP (Sharov et al., 2008) . If the abundance of contextual factors at TF binding sites is significantly correlated with gene expression change after the manipulation of TFs (see Fig. 2 ), we use these factors to narrow down the set of TF binding sites, hoping to find more significant targets regulated by TFs. The modified EPFP* for a target gene with rank i is estimated:
where q(i) is the enrichment ratio of a contextual factor at the TF binding site(s) near gene i; Q(q(i)) is the proportion of targets within the ''control'' set of genes (see above) with factor enrichment ratio >q(i), and P j (q(j)) is the proportion of targets among genes with rank £ j and enrichment ratio >q(j). Equation 2 is derived using the same logic as Equation 1; the only difference is that the set of target genes is not fixed but instead depends on the abundance of contextual factors. The minimum is found by varying two parameters: the threshold of fold change after the induction of TF (gene rank j), and the enrichment ratio of sequence reads, q(j). Because q(j) depends on j, the minimization is one-dimensional.
FINDINGS AND DISCUSSION
If a chromatin modification or cofactor (in short, contextual factors) assists a TF in regulating the expression of its target genes, then it is reasonable to expect that the magnitude of expression change among target genes after the induction (or knockdown) of the TF correlates with the abundance of contextual factors at TF binding sites near target genes. Thus, we used regression analysis to study the association between the response of target genes and the abundance of contextual factors at TF binding sites after manipulation of 9 TFs in ES cells (Fig. 1) . These 9 TFs were selected as representatives of genes expressed highly (Pou5f1, Sox2, and Nanog), genes expressed at the intermediate level (Klf4, Tcf3, and Tcfcp2l1), and silent genes (Cdx2, Myod1, and Sfpi1). We analyzed data sets of 12 manipulations of these TFs: overexpression of all 9 TFs in doxycycline-regulatable transgenic cell lines (Nishiyama et al., 2009) and knockdown of 3 highly expressed TFs via shRNA (Nishiyama et al., 2013) . For example, the response of target genes to the knockdown of Nanog correlated positively with the enrichment of P300 at the binding sites of Nanog (Fig. 1) . The analysis was repeated using nonparametric correlation (Spearman) and multivariate regression analysis to model the change of gene expression versus two independent variables: (1) abundance of contextual factors at TF binding sites and (2) Table S2 ). Statistical significance was assessed using permutation test and false discovery rate (FDR < 0.05).
We detected 88 positive and 87 negative associations between contextual factors at TF binding sites and their regulatory functions that were significant for all 7 tested methods of analysis ( Fig. 2 and Supplementary Table S3 ). These results indicate that functional TF binding sites can be roughly classified into two categories: (1) active sites that are also bound by P300, Chd7, mediator (Med1, Med12), cohesin (Smc1, Nipbl, Rad21), and SWI/SNF (Brg1), and (2) repressed sites that carry repressive histone marks H3K27me3 and are bound by Polycomb TFs (Ezh2, Suz12, Mtf2, and Ring1b). In addition, repressed sites were negatively associated with binding of Med1, Med12, Nipb1, histone acetylation (H3K9ac, H3K27ac), and histone methylation (H3K4me3). Associations found between regulatory functions of TF binding sites and the abundance of contextual factors were not mediated by the distance to TSS, because the effects remained significant, even if distance to TSS was used as a covariate (Supplementary Table S3 ). The main advantage of our approach compared with other methods for identifying predictors of functional binding sites is in the use of experiments on TF manipulation instead of comparing chromatin profiles in distinct cell types (Creyghton et al., 2010; Kagey et al., 2010; Rada-Iglesias et al., 2011) or in enhancers and promoter-like regions (Chen et al., 2012) . Thus, our results are TF-specific and represent both activating and repressing roles of TFs: the proposed algorithm of analysis is unique in accounting for quantitative change of expression of individual target genes after manipulation of each of the 9 TFs and in using the distance from TSS as a covariate.
These results are mostly consistent with previous reports on the role of cofactors and chromatin modifications in the function of enhancers (Visel et al., 2009; Creyghton et al., 2010; Schnetz et al., 2010; Chen et al., 2012) . In ES cells, P300 is recruited by Pou5f1, Sox2, and Nanog (Chen et al., 2008) , and controls the differentiation of ES cells (Zhong and Jin, 2009 ). The mediator connects enhancers with the proximal promoter, and cohesin locks the enhancer with the promoter (Kagey et al., 2010; Goke et al., 2012) . Brg1 (a component of the SWI/SNF complex) activates enhancers bound by Stat3 (Ho et al., 2011) , although our analysis indicates that it is also present at functional binding sites of Pou5f1 and Sox2 (Fig. 2) . The presence of H3K27me3 chromatin marks at repressed TF binding sites is consistent with the description of ''poised enhancers '' (Rada-Iglesias et al., 2011; Zentner et al., 2011) . These histone marks are known to be established and maintained by Polycomb TFs (Chamberlain et al., 2008; Walker et al., 2010) . Two classes   FIG. 1 . Association between the enrichment of P300 at Nanog binding sites and response of target genes to the knockdown of Nanog.
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of functional TF binding sites (active and repressed) possibly represent dynamic states of DNA regulatory regions controlled by various TFs. For example, some developmental enhancers are repressed by pluripotency factors-Pou5f1, Sox2, and Nanog (Goke et al., 2012) . However, testing this hypothesis is beyond the scope of this article. Our data from experiments on TF manipulation provided a unique opportunity to explore the mechanisms of repressive effects of TFs on their target genes, which were inferred from the repressive effects from the downregulation of target genes after the induction of TFs or from the upregulation of target genes after the knockdown of TFs. The majority of these effects (e.g., downregulation of target genes upon the overexpression of Klf4 and Tcfcp2l1, and the upregulation of target genes after the knockdown of Nanog, Sox2, and Pou5f1) were mediated by the repressed TF binding sites (Fig. 2) . By contrast, the downregulation of target genes after the overexpression of Tcf3 and Pou5f1 was mediated by the active binding sites of these TFs. Involvement of both active and repressed sites in the repressive action of TFs seems to be associated with the phase of target gene repression. If repression has not started yet (e.g., before the overexpression of Tcf3 and Pou5f1), then the TF binding sites are still in the active state. But, if repression is under way (e.g., before the overexpression of Klf4, and Tcfcp2l1), then corresponding TF binding sites would be in the repressed state. Note that at normal or reduced levels of expression, Pou5f1 activates the expression of target genes in ES cells, but if artificially overexpressed, it then turns into a repressor (Aiba et al., 2009; Niwa et al., 2000) .
Next, we used contextual factors at TF binding sites to identify target genes regulated by TFs, which are defined as genes that (1) have a TF binding site and (2) change their expression in response to TF manipulation (Loh et al., 2006; Johnson et al., 2008; Lee et al., 2010) . However, the overlap between the set of genes with TF binding sites and the set of genes that responded to TF manipulations may include many false positives (i.e., genes with nonfunctional TF binding sites that responded to TF manipulation via alternative regulatory pathways). To address this issue, we evaluated the EPFP by comparing the proportion of genes with TF binding sites (i.e., targets) within two subsets of genes: (1) genes that responded to TF manipulation, and (2) ''control'' genes that did not change their expression (Sharov et al., 2008) . If the percent of targets in these subsets of genes is 25% and 5%, respectively, then out of 25% targets in the set (1) active sites (marked ''A'' at right) are bound by P300, CHD7, mediator ( Med1, Med12), cohesin (Smc1, Nipbl, Rad21), and SWI/SNF (Brg1), and (2) repressed sites (marked ''R'' at right) carry repressive histone marks H3K27me3 and are bound by Polycomb TFs (Ezh2, Suz12, Mtf2, and Ring1b). Color corresponds to the average z-value from seven types of analysis, including three algorithms for estimating factor abundance, rank correlation, and multivariate regression; statistical significance is evaluated using false discovery rate (FDR) estimated from permutations of gene expression change. Effects marked as significant satisfy condition FDR £ 0.05 in all 7 methods of analysis.
(1) 5% are expected to be false positives, because the ''control'' set of genes includes 5% targets. Thus, the EPFP equals 0.05/0.25 (i.e., 0.2). By varying the threshold of fold change (i.e., higher or lower than 2-fold), we can find conditions when EPFP = 0.3 (threshold used here). The EPFP measure is similar to the FDR statistical criterion, and in our previous publications we called it ''FDR'' (Sharov et al., 2008) . However, because it differs in both underlying assumptions (EPFP compares the frequency of target genes between test and control subsets of genes, whereas no control is available for FDR estimation) and estimation methods (FDR method evaluates the p-value for each individual hypothesis, whereas EPFP is not derived from p-values, because each gene is unique and has no replications), we have chosen a different name here.
In this article, we further improved the EPFP estimates by using additional information on contextual factors at TF binding sites (see Methods). For example, using the previous EPFP statistics (EPFP £ 0.3 and fold change ‡ 1.5), we found only 28 target genes for Tcf3 overexpression, and no target genes for other TFs manipulation. However, using the new EPFP* statistics (i.e., after incorporating data on the abundance of contextual factors), we detected a large number of TF-regulated target genes (N = 4,455) with the same statistical criteria (Fig. 3b) . Our lists of positively regulated targets of pluripotency factors-Pou5f1, Sox2, and Nanog (i.e., targets that were downregulated after the knockdown of these TFs)-substantially increased compared with previous publications (Loh et al., 2006; Matoba et al., 2006; Sharov et al., 2008) (Supplementary Table S3 ). In addition, we found sets of target genes that were negatively regulated by pluripotency factors (i.e., targets that were upregulated after the knockdown of TFs). Negative regulation was difficult to detect, because repressed binding sites of Pou5f1, Sox2, and Nanog are strongly diluted among all binding sites. However, the new EPFP* statistics with the additional predictors, such as FIG. 3 . Number of target genes upregulated and downregulated after manipulation of transcription factors, as identified using criteria: expected proportion of false positives £0.3 and change >1.5-fold. See Supplementary Table S4 for lists of regulated target genes.
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H3K27me3 histone marks and binding of Polycomb factors, reliably detected these effects. Lists of targets regulated by Klf4 and Tcfcp2l1 were compiled here for the first time, whereas lists of the regulated targets of Tcf3, Cdx2, Myod1, and Sfpi1 were updated as compared with the previous reports Nishiyama et al., 2009; Cao et al., 2010; Heinz et al., 2010) . Cdx2, Myod1, and Sfpi1 mostly positively regulated their targets (Fig. 3b) . By contrast, Tcf3, Klf4, and Tcfcp2l1 affected the expression of their target genes both positively and negatively. The repressive functions of Nanog and Klf4 have been suggested previously based on their association with repressive protein complexes (Liang et al., 2008; van den Berg et al., 2010) or analysis of transcription regulation of individual genes (Liu et al., 2005; Addis et al., 2010) . Our data, however, provide the first evidence of their repressive effects based on the genome-wide analysis of TF manipulation experiments.
CONCLUSIONS
In summary, we have developed methods for systematic analysis of contextual factors associated with functional TF binding sites. These methods integrate data on the localization of TFs and chromatin modifications (ChIP-seq) with data on gene expression change after manipulation of TFs and facilitate identification of target genes regulated by TFs. In particular, we have identified contextual factors associated with active and repressed states of TF binding sites. The use of TF manipulations has also allowed us to characterize repressive effects of TFs, which appeared to be mediated by TF binding sites in repressed states.
